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Removal of an inorganic acid load in subjects with ketoacidosis of
chronic fasting. When a large inorganic acid load is ingested by normals,
the proton load is eliminated because the rate of excretion of ammo-
nium can rise to 200 to 300 mmol/day. In subjects with ketoacidosis of
chronic fasting, such a large increase in the rate of excretion of
ammonium might not be possible because of ATP balance consider-
ations in proximal cells. Subjects with ketoacidosis of chronic fasting
excreted less net acid as defined in the conventional way when they
consumed a large inorganic acid load (136 6 vs. 176 26 mmol/day
in control fasted subjects). Nevertheless, the vast majority of this
inorganic acid load was eliminated because they were in steady state
and had only a slightly lower concentration of bicarbonate (13 0.6 vs.
15 0.5 mmollliter) and ketoacid anions (3.3 0.2 vs. 5.5 0.2
mmol/liter) in their blood. Using a definition of net acid excretion where
the component of bicarbonate loss was expanded to include 'potential
bicarbonate" (ketoacid anions) in the urine, the rate of excretion of net
acid was higher in subjects who ingested the inorganic acid load, owing
to a much lower rate of excretion of ketoacid anions (9 2 vs. 120 7
mmol/day). This lower rate of excretion was not only due to a lower
filtered load, but also to a higher fractional reabsorption of ketoacid
anions during acidosis (97 0.1 vs. 77 0.2%). This higher fractional
reabsorption could not be explained by a lower filtered load of ketoacid
anions or to a restricted intake of sodium. We conclude that an
enhanced rate of reabsorption leads to a reduced rate of excretion of
"potential bicarbonate" in the urine, and this is part of the response to
eliminate an inorganic acid load during chronic ketoacidosis.
The kidney plays a critical role in the defense of acid-base
balance [1]. This renal response has two components: first,
reclaim the filtered load of bicarbonate, a process which does
not help "correct" acidosis [2]; second, generate "new" bicar-
bonate to replace that consumed by the hydrogen ion load
which was ingested or produced during metabolism [3—5]. Most
of this "new" bicarbonate is generated when glutamine is
metabolized in proximal convoluted tubule cells to yield ammo-
nium and bicarbonate [5]. For a net gain of "new" bicarbonate
in the body, ammonium must be made an end product of
metabolism, that is, it must be excreted in the urine. In
quantitative terms, for every mmol of ammonium excreted, one
mmol of "new" bicarbonate will be added to the body.
Normal subjects increase their rate of excretion of ammo-
nium markedly when fed an inorganic acid load on a chronic
basis. In quantitative terms, these subjects can excrete 200 to
300 mmol of ammonium during steady-state metabolic acidosis
[6, 7]. Despite a comparable degree of metabolic acidosis,
subjects with ketoacidosis of chronic fasting have a lower rate
of excretion of ammonium [8—12]. Therefore we wished to
understand how subjects with ketoacidosis of chronic fasting
eliminated a large inorganic acid load if they indeed had a lower
rate of excretion of ammonium.
There appears to be an upper limit on the rate of production
of ammonium by the kidney during chronic metabolic acidosis,
a limit set by the rate of turnover of ATP in the proximal tubule
cell [13, 14]. Since patients with ketoacidosis of chronic fasting
seem to be operating near that upper limit [15], the purpose of
this study was to determine how the kidneys of these subjects
would respond to an additional inorganic acid load (such as,
administration of NH4CI). It should also be recognized that
increasing the rate of excretion of ammonium during fasting has
a considerable metabolic cost in tenns of lean body mass [8,
15].
Hood et al [9, 10], using the conventional definition of net
acid excretion, observed that there was no increase in this
excretion when an NH4CI load was given to subjects with the
ketoacidosis of chronic fasting. Since acid-base balance was
maintained, they concluded that there was a decreased rate of
production of ketoacids when the systemic pH fell. Further,
they attributed the decline in ketonuria to a lowered filtered
load of ketoacid anions and did not identify a primary renal
contribution to eliminate this inorganic acid load. In contrast,
results of the present study indicate that an NH4C1 load was
eliminated in this setting by a two-step process, renal events
which resulted in a large decrease in the rate of excretion of the
B-hydroxybutyrate anion (BHB) and a non-renal event, metab-
olism of the "spared" BHB anions in other organs. Thus,
acid-base balance was defended despite restrictions on raising
the rate of excretion of ammonium, an event which also
conserved lean body mass.
Methods
Subjects
Eighteen healthy female volunteers, whose weight exceeded
median values from tables provided by Metropolitan Life
Insurance Company by 6 to 21 kg were included in the study.
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The protocol was explained in detail to all participants and
informed consent was obtained.
Procedure
Total caloric restriction was begun for a 10 day period during
which all subjects received 50 mg of thiamine and 60 mmol of
potassium chloride daily with distilled water ad libitum. Starting
from day 1 of fasting, five subjects received 120 mmol of sodium
chloride per day (NaC1 group) while four received 160 mmol of
ammonium chloride (NH4CI) per day, in four divided doses.
Nine subjects did not receive sodium chloride or ammonium
chloride during fasting. In four of these subjects, one liter of
isotonic saline was infused over six hours on day 14 of fasting.
One hour collections of urine with mid-point blood sampling
was performed before and upon completion of this infusion of
sodium chloride.
All urine voided was stored at 4°C in vessels containing
thymol, phenyl mercuric nitrate and mineral oil; completeness
of collection was verified by creatinine content. Determinations
of pH, PCO2 and titratable acid were made immediately.
Aliquots were frozen for other determination at a later time.
Venous blood was collected daily without tourniquet from an
antecubital vein before any intake or activity; the sample was
divided into several portions. Heparinized blood, collected
anaerobically, was analyzed promptly for pH and PCO2. A
second portion of blood was deproteinized immediately with
10% ice-cold perchloric acid (1:1 vollvol) for BHB and acetoac-
etate (AcAc) measurements. A third portion was added to tubes
without anticoagulant for determination of creatinine and elec-
trolytes.
Analytical methods
Sodium, potassium, chloride, urea, creatinine, pH, PCO2,
ammonium, titratable acid (TA), BHB and AcAc were mea-
sured as previously described [11, 14]. The concentration of
bicarbonate in plasma and urine was calculated from the pH and
PCO2 using a pK' of 6.1 and the solubility factors, 0.030 1 and
0.0309, respectively [16, 17].
Calculations
Net acid excretion was calculated initially as ammonium +
TA — HCO3 in the urine. Because this definition ignores the
loss of potential bicarbonate in the urine (and calls it acid
production. Discussion), we preferred to redefine net acid ex-
cretion as ammonium + TA — HCO3 — ketoacid anions in the
urine. Glomerular filtration rate (GFR) was calculated from the
endogenous creatinine clearance. Fractional reabsorption of
ketoacid anions was calculated as 100 times their filtered load
(GFR [liter/day] X concentration in plasma [mmol/liter]) minus
their excretion (mmol/day) divided by the filtered load of
ketoacid anions (mmol/day).
Statistical analysis was performed with the unpaired Stu-
dent's test, P values < 0.05 were considered statistically
significant.
Results
All subjects tolerated the regimens of fasting without adverse
reactions; no subject vomited or had diarrhea. There was no
difference in standing or recumbent blood pressures among
groups where measured.
Table 1. Plasma electrolyte and acid-base parameters
Units NaC1 NH4CI
Plasma
Sodium mmollliter 139 1 130 l
Potassium mmol/liter 3.9 0.1 4.4 0.2a
Chloride mmollliter 108 2 109 I
Bicarbonate mmol/liter 15 0.5 13 0.6a
Creatinine mg/dl 1.0 0.04 0.9 0.03
Creatinine smol/liter 89 3.6 80 2.7
Blood
B-hydroxybutyrate mmol/liter 4.3 0.14 2.8 0.2
Acetoacetate mmol/liter 1.2 0.04 0.5 0.07a
For details, see Methods. Results are presented as the mean SEM.
a p < 0.05 by unpaired (-test
Table 2. Urine electrolyte and net acid excretion in the 24-hour urine
Parameter
Group
NaCI NH4CI
Sodium
Potassium
Chloride
pH
Ammonium
Titratable acid
Bicarbonate
Net acid
57±1424 4
75 8
5.7 0.2
145 1
28 6
<5
176 26
6±129 4
122 4
5.8 0.2121 a
14 2
<5136 6
For details, see Table 1. Results are reported as the mean SEM, and
the units are in mmol/day except for the urine pH.
a P < 0.05 by unpaired f-test
The data reported are the mean SEM for the last three days
of the first study protocol. The subjects were all in steady state
with respect to acid-base balance because the concentrations of
bicarbonate and ketoacid anions did not change significantly
during these last three days.
Values in blood
The concentration of sodium was significantly lower and the
concentration of potassium significantly higher in the plasma in
subjects who ingested NH4C1 (Table 1). The concentrations of
chloride and creatinine were not significantly different in the
two groups of subjects.
All subjects developed ketoacidosis of fasting in the usual
manner. The degree of ketoacidosis was comparable to previ-
ous studies [8—12]. Subjects who consumed NH4CI developed a
more significant degree of metabolic acidosis; their plasma
bicarbonate concentration was 13 0.5 mmollliter as compared
to 15 0.5 mmollliter in the group that received NaCl. This
lower concentration of bicarbonate was not associated with a
higher concentration of BHB or AcAc.
Values in urine
Acid-base balance was maintained in the group given NH4C1
despite the fact there was a significant fall in the rate of
excretion of ammonium and net acid (Table 2). Notwithstand-
ing, there was a major change in the renal handling of ketoacid
anions; the daily excretion of BHB plus AcAc was very low in
the NH4CI group, and the fractional reabsorption of these
anions was significantly higher in this group (97%) as compared
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Table 3. Renal ketoacid anion handling
Group
No NaC1 NaCI NH4CI
GFR liter/day 126±11 101±5 %± 12
Ketoacid anions plasma mmo!/liter 5.2 0.3 5.5 0.3 3.3 0.3
Total ketoacid anions
Filtered mmol/24 hr
Excreted mmo!/24 hr
Reabsorbed mmol/24 hr
Fractional reabsorption %
For details, see Table I. Results are reported as the mean SEM on
days 8 to 10 of fasting. Total ketoacid anions refers to BHB + AcAc.
a P < 0.05 by unpaired t-test
Table 4. Effect of a saline infusion on the reabsorption of
B-hydroxybutyrate
Saline infusion
Before After
Blood
B-HB mmol/liter 5.4 0.47 5.7 0.41
Creatinine pinol/liter 103 8.1 89 7.7
mg/dl 1.2 0.1 1.0 0.1
Urine
Na mmol/liter 0.4 0.3 3.3 o.8
Renal functions
GFR liter/hr 5.2 0.9 5.3 0.6
BHB filtered mmol/hr 26.6 1.9 32.1 1.3
BHB excreted mmollhr 7.0 1.1 7.9 1.1
BHB reabsorbed mmollhr 19.7 2.6 24.2 2.0
BHB reabsorbed % 73 5 75 3
to the NaCI group (77%, Table 3). The lower rate of excretion
of BHB in the NH4CI group did not seem to be determined
solely by its filtered load because, on days two to four of
fasting, the concentration of BHB in the blood was similar in
the NaCl and the NH4C1 group (3.1 0.1 and 3.4 0.1,
respectively), and the excretion of BHB was much lower in the
group receiving NH4C1 (10 2 and 103 9 mmol/day,
respectively).
To evaluate whether the higher fractional rate of reabsorption
of ketoacid anions in the NH4CI group could be a result of a diet
low in sodium chloride, nine obese subjects were fasted and
given no supplements of sodium chloride. These subjects also
had a fractional reabsorption of ketoacid anions of close to 75%
(Table 3). Further, the infusion of 1 liter of isotonic saline to 4
of these subjects did not change the renal handling of ketoacid
anions (Table 4).
Discussion
The new finding in this study is that there is a primary renal
mechanism, in addition to a lower filtered load of ketone bodies,
which operates to defend acid base balance in subjects with
ketoacidosis of chronic fasting who are given an inorganic acid
load.' This mechanism centers on an enhanced fractional rate of
reabsorption of ketoacid anions. Thus, when this acid load is
given, the rate of excretion of these anions falls to very low
levels. Ketoacid anions do not accumulate in the body; hence
they are converted to a neutral end-product by metabolism and,
in so doing, remove an equivalent number of hydrogen ions.
The most important component of the normal renal response
to defend the body from an inorganic acid load is the excretion
of a large quantity of ammonium in the urine [1, 3, 5—7]. In the
kidney, this process begins when glutamine is converted to
bicarbonate and ammonium, a process which also has impor-
tant energy considerations [13]. In fact, so much ATP is
generated during the metabolism of glutamine that the rate of
turnover of ATP in proximal tubule cells seems to set an upper
limit on this capability to defend acid-base balance [13, 14]. It
appears that the most important factor controlling the rate of
turnover of ATP in the kidney is the GFR, and thereby the
reabsorption of sodium by proximal convoluted cells [14, 18].
Quantitatively, the maximum rate of production of ammo-
nium in the proximal tubule would be close to 1000 mmol per
day.2 To achieve this maximum rate, glutamine must be the sole
precursor of ATP in these cells and all glutamine carbon must
be converted to glucose rater than CO2 (7 vs. 27 ATPs are
synthesized/glutamine used). Since neither of these criteria are
likely to be met in vivo, the upper limit for the production of
ammonium is probably closer to 400 mmol per day [13]. In
addition, since approximately 1/3 of the ammonium produced
goes back into the renal venous blood [reviewed in 191, the
maximum amount of "new" bicarbonate that the kidney can
add to the body would be close to 270 mmol per day, values
observed in normals given a chronic NH4CI load [6, 7]. In four
'There are two major ways to eliminate a proton load when there is
no ingestion of bicarbonate or organic anions. First, if an organic anion
which is already present in the body or one that is produced without a
proton is metabolized to a neutral end product, a hydrogen ion will be
consumed [reviewed in 3]. The question is, "how many of these anions
are actually present in the body?" In the subjects reported in this paper,
there were only close to 150 mmol of ketoacid anions without protons
in the body that could be metabolized to remove 150 mmol of hydrogen
ions [(BHB + AcAc) x their volume of distribution]. Second, since
production of bicarbonate as a result of metabolic events alone could
not provide the means to remove most of the inorganic acid load, we
suspected that renal mechanisms were operating. Simply reducing the
rate of ketogenesis in the liver by a low systemic pH will not lead to an
elimination of an inorganic acid load. Rather, this elimination only
occurs when ammonium is excreted in the urine with an anion that did
not enter body fluids with yet another proton. Therefore the excretion
of ammonium with ketoacid anions or sulphate will not be able to
eliminate the HCI load as both ketoacid and sulphate anions were added
to the body with protons.
2 All cells must remain in ATP balance; hence they can synthesize
only as much ATP as they use [13, 24]. On the utilization side of this
equation for proximal tubule cells, ATP is used almost exclusively to
reabsorb filtered sodium at a metabolic cost of I AlP per 4.5 sodiums
that are reabsorbed in the dog [18]. In the subjects reported in this
study, the filtered load of sodium was close to 21000 mmol/day (plasma
Na in Table 1 x GFR in Table 3). If 2/3 of this filtered load of sodium
was reabsorbed in the proximal tubule, the cost in ATP terms would be
close to 3000 mmol (2.3 x 21000/4.5). On the ATP production side of
this equation, each glutamine will yield 27 ATPs during oxidation to
CO2 or 7 ATPs if glucose is the final product. Thus, if all ATP produced
in these cells were derived from glutamine conversion to glucose, then
just under 1000 mmol of ammonium could be produced (3000 mmol AlP
x 2 nitrogens per glutamine/7 ATP per glutamine).
658±61 557±42
154±15 120±7
504±39 437±43
75±3.6 77±0.2
320 s9a
9 2a321 58
97 0.la
For details, see Methods. Urine was collected with a mid point blood
sample before and 1 hour after an infusion of 1 liter of isotonic sodium
chloride.
a P < 0.05 by unpaired t-test
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normal subjects who consumed 4 mmol of NH4CI per kg of
body weight for seven days, the rate of excretion of NH4 rose
to 200 9 mmoLlday (results not shown), values higher than
seen during the chronic ketoacidosis of fasting (Table 2).
Notwithstanding, it is important to realize that the maximum
rate of production of ammonium in proximal tubule cells can be
decreased if fuels other than glutamine (FFA or ketoacids) are
oxidized in these cells [20, 211. Thus it is not surprising to find
that subjects with ketoacidosis of chronic fasting had a rate of
excretion of ammonium which was only 145 mmollday (Table
2). In addition, it follows that the rate of excretion of ammo-
nium might not rise further when an inorganic acid load was
given during steady state ketoacidosis (Table 2).
There is another important "metabolic consideration" with
respect to the production of ammonium in the kidney in
subjects with ketoacidosis of chronic fasting. During fasting,
glutamine is derived from endogenous proteins; hence increas-
ing the rate of excretion of ammonium could lead to a greater
degree of loss of lean body mass3 [8]. Therefore we wished to
explore how subjects with the ketoacidosis of prolonged fasting
would eliminate an inorganic acid load considering the limita-
tion and metabolic costs of increasing the rate of excretion of
ammonium.
It is interesting that the rate of excretion of ammonium
declined rather than rose in the subjects who ingested NH4CI
(Table 2). Perhaps the somewhat higher level of potassium in
the blood (4.4 vs. 3.9 mmollliter, Table 1) could help explain
this small decline, even though there are several factors which
could have led to an increase in the rate of excretion of
ammonium (more severe acidosis, lower ketoacid anion levels
leading to a lower rate of oxidation of this fuel and thereby, a
higher rate of oxidation of glutamine in the kidney). We note,
however, that these concentrations of potassium are in the
normal range rather than in the range associated with major
reductions in the rate of excretion of ammonium [221.
Part of the difference in interpretation of the present study
and that of Hood et al [9, 10] is one of terminology. In
describing acid-base balance, Hood et al [9, 10] used the
conventional definition of net acid excretion and called all the
organic anions minus organic bases in the urine, "net acid
production". In so doing, they attributed the decrease in
ketonuria when NH4C1 was given to a decrease in net acid
production and suggested that this was due to a decrease in the
rate of production of ketoacids in the liver owing to a fall in
systemic pH. A specific renal mechanism was not identified and
the decline in ketonuria was attributed to the low filtered load of
this intermediate. In contrast, we have called the excretion of
ketoacid anions, the excretion of "potential bicarbonate"
rather than acid production. We identified an increase in the
The source of ammonium in the urine during chronic fasting is from
endogenous protein. Hannaford et at [81 have shown that diminishing
this excretion of ammonium by feeding sodium plus potassium bicar-
bonate could spare close to 60 g of lean body mass per day. To excrete
150 mmol of ammonium per day, 2.1 g of nitrogen (150 X 14, the
molecular weight of nitrogen) must be lost. Since each g of nitrogen was
derived from 6,25 g of protein, 13.7 g of protein would have to be
catabolized to provide this nitrogen. Since lean body mass is close to
80% water, then at least 68 g of lean body mass would be needed to
excrete this load of ammonium. This is equivalent to close to 1 pound
of lean body mass terms per week.
rate of excretion of net acid in these subjects who were given
the NH4CI load. This increase was brought about not by
increasing the excretion of ammonium, but by decreasing the
excretion of potential bicarbonate (ketonuria). The decrease in
ketonuria was not only due to the lowered filtered load, but also
to its enhanced fractional reabsorption (Table 3). Hence renal
mechanisms plus metabolic events were required to eliminate
the inorganic acid load. The above statements should not be
interpreted as evidence against a role of systemic pH in
inhibiting the production of ketoacids; this may have occurred,
but it is an incomplete description of the events responsible for
the elimination of this NH4C1 load. To eliminate the NH4C1 load
without increasing the production and excretion of NH4, one
must allow the NH4 that was excreted in the urine with
ketoacid anions to be excreted with an anion that is not
produced with yet another proton (that is, Cl in this case).
Further, since the concentration of ketoacid anions declined in
the plasma when their fractional rate of reabsorption was
higher, it is obvious that the renal mechanism described in this
paper can only provide a partial explanation for the elimination
of the inorganic acid load. Hence, one must conclude that two
mechanisms operated independently and in tandem to eliminate
the NH4CI load, reduced excretion of ketoacid anions and an
enhanced metabolism and/or a decreased rate of production of
ketoacids in the liver.
There are several potential mechanisms which might be
responsible for the higher fractional rate of reabsorption of
BHB in the subjects who consumed NH4C1. First, it is unlikely
that the lower filtered load of BHB was the sole cause because
the rate of excretion of BHB was still much higher in the NaCl
group on days two to four at a time when the concentration of
BHB was similar in the blood to that of the NH4CI group
(Results). Second, the subjects given NH4C1 had a lower ECF
volume (they were in negative balance for sodium). However,
when obese subjects were deprived of sodium and fasted for
two weeks, their urine was also sodium-poor (3 1 mmollliter),
but the fractional reabsorption of ketoacid anions did not rise
(Table 3). Hence, it does not appear that this renal effect of an
inorganic acid load could be attributed to a lower ECF volume.
Therefore, it is reasonable to suspect that other mechanisms
were operating in this setting. Third, it is possible that a lower
filtered load of bicarbonate might in some way be responsible
for this phenomenon. Support for this speculation can be
derived from a recent study by Magner and Halperin [23], who
showed that an acute HCI load or the administration of aceta-
zolamide augmented the fractional reabsorption of glucose in
rats that were hyperglycemic. Fourth, it is possible that acidosis
enhanced the reabsorption of ketoacid anions secondary to a
fall in intracellular pH by mechanisms yet to be defined.
Support for this hypothesis can be derived from a recent study
by LaGrange and Hood [10], who demonstrated that both
respiratory and metabolic acidosis led to a decreased rate of
excretion of ketoacid anions, yet there is a rise in the concen-
tration of bicarbonate in the plasma in respiratory acidosis.
To summarize, a renal mechanism that limits the excretion of
"potential bicarbonate" in the form of ketoacid anions in the
urine is part of the response to eliminate an inorganic acid load
during chronic fasting. Metabolism of these anions that escaped
excretion along with a hydrogen ion permits defense of acid-
base balance despite restrictions on increasing the rate of
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excretion of ammonium. This would also avoid the metabolic
cost of higher rates of excretion of ammonium, the excessive
loss of lean body mass.
Reprint requests to Mitchell Ha/penn, M.D., Lab #1, St. Michael's
HospitalAnnex, 38 Shuter Street, Toronto, Ontario, Canada M5B 1A6.
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